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High-energy dispersion anomaly induced by the charge modulation in high-7, superconductors
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We propose that the presence of a rotationally symmetric charge modulation in high-T,. superconductors is
able to account for an anomalous quasiparticle dispersion revealed recently by angle-resolved photoemission
spectroscopy (ARPES) experiments. We elaborate that the nodal quasiparticle is well defined at low energies,
while the dispersion breaks up at the energy E; and reappears at the energy E,. Our results are in agreement
with both the ARPES and scanning tunneling microscopy experiments.
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Recently, scanning tunneling microscopy (STM) experi-
ments have been performed to search for hidden electronic
orders in high-7, superconductors. A checkerboard pattern
with the spatial four-unit-cell modulation for the local den-
sity of states was first seen around magnetic vortex cores in
slightly overdoped samples by Hoffman et al.' This kind of
modulation pattern was also reported in later STM experi-
ments, in zero field and in both the superconducting (SC) and
normal states.Z® In addition, the Fourier transform of the
STM (FT-STM) spectra reveals four nondispersive peaks
around (+27/4,0) and (0, +27/4) in the normal?> and SC
states.>"® All of these experimental results indicate that a
kind of charge modulation with a characteristic wave vector
in the CuO bond direction of ¢ ~2m/4 exists likely in high-
T, superconductors.’

On the other hand, an intriguing anomalous quasiparticle
dispersion was very recently observed in angle-resolved pho-
toemission spectroscopy (ARPES) experiments,®'* ie., a
well-defined nodal quasiparticle dispersion is broken down
between the two higher energies E; and E,, which drops in a
waterfall fashion with a very low spectral weight. Below E,,
the quasiparticle dispersion reappears and disperses toward
the zero center. These anomalous features were observed in
several families of cuprates, in under-, optimal-, as well as
overdoped samples, and below or above the SC transition
temperature. In hole-doped samples, the energies E; and E,
are around 0.35 and 0.8 eV, respectively, while in the
electron-doped samples, the corresponding energies are
found to be significantly larger with E; being around
0.6 eV.'>!4 The mechanism of these features is still unclear
while it should be independent of the SC order. In addition,
similar anomalous higher-energy features were also observed
in the insulating cuprate Ca,CuO,Cl,."> Thus, the mode cou-
pling picture'® can hardly account for these higher-energy
behaviors because it is expected to happen only in metallic
systems. Note that it was proposed before that the charge
modulation may cause several other puzzling features seen in
ARPES experiments.!’-!® Moreover, a connection between
the ARPES and the FI-STM spectra was recently
established?®?! through the autocorrelation of the ARPES
(AC-ARPES) spectra. Therefore, it is natural and significant
to ask whether the above-mentioned anomalous dispersion
observed in ARPES experiments can also be originated from

1098-0121/2007/75(18)/184506(5)

184506-1

PACS number(s): 74.25.Jb, 74.20.Fg

the charge modulation, which has already been detected by
the STM experiments. We here answer this question clearly
by studying the spectral function and the FT-STM based on a
simple phenomenological model including the charge modu-
lation, though we note that a recent theory based on a new
representation of the 7-J model with two-band fermions was
also proposed for the anomaly.??

At present, however, our knowledge on the origin and
effects of the charge modulation is still far from complete.
What the phase diagram of such an order is and whether it
exists in all cuprate materials are still unclear.'” In fact, the
STM experiments are mostly carried out on the
Bi,Sr,CaCu,0g4,, and Ca,_,Na,CuO,Cl, samples, while a
similar four-unit-cell structure was also found in the
YBa,Cu;0, samples by diffuse x-ray scattering
measurements.?* On the other hand, it seems widely believed
that the charge modulation may have the same physics as the
stripe order,!” which has been seen in the La,_,Sr,CuQO,
sample.?* In addition, the stripe order is suggested to exist in
various doping regions and to be the ground state of the
cuprates.”> Considering the above experimental and theoret-
ical results, in this paper, we employ a phenomenological
scenario that admits the existence of four-lattice-constant
charge modulation to look into and elaborate its effect on the
spectral function. The FT-STM spectra are also evaluated
within our simple model and are compared with the STM
experiments. We demonstrate that the charge modulation is
able to naturally lead to the higher-energy anomaly in
ARPES experiments and the nondispersive peaks in the FT-
STM spectra. Considering the robustness of this higher-
energy anomaly, our results suggest that the charge modula-
tion be likely more robust in high-7, superconductors.

We start with the following phenomenological Hamil-
tonian with a charge modulation being taken into account:

H=Hpcs+ He, (1)

where Hpcg is the BCS-type Hamiltonian given by

HBCS = E 8kC£nga+ 2 (AkcltTCjkl + H.C.), (2)
k,o k

where g, =—21(cos k+cos k,)—4t" cos k, cos k,—u, Ay is the
gap function, with Ag=A(cos k,—cos k,)/2 for the d-wave
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FIG. 1. (Color online) Panels (a), (b), and (c)
are the intensity plots of the spectral function as
functions of the momentum and energy in the
normal state, d-wave SC state, and isotropic
s-wave SC state (Ay=A(=50 meV), respec-
tively. The solid lines represent the bare disper-
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sions gy. The blue/yellow (black/white) color de-
notes lower/higher strength. Panel (d) is the MDC
along the nodal direction in the normal state with
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the energy from O to —1 eV. Panel (e) shows the
energies (Ey,E|,E,) vs the scattering intensity V
in the normal state.
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case, and H is the term that represents the charge modula-
tion,

He= 2 (Ve gotko+ He), (3)

Qko

where Q are the scattering wave vectors. Hereafter, the re-
lated parameters are chosen as t=0.35 eV and t'=-0.25z.
The chemical potential w is determined by the doping den-
sity 6=0.12. We here use the isotopic s-symmetry modula-
tion with the wave vectors Q=(0,27/4) and (27/4,0) and
the intensity V=0.1 eV.?® We have examined that our results
are not sensitive to the slight changes of the chosen param-
eters and the robustness of our main conclusion with respect
to the scattering intensity V.

The electronic spectral function is given by A(k,w)
—1/7Im G(k, w+iI"), where the retarded Green’s function
G(k,w+il") is obtained by diagonalizing the Hamiltonian
[Eq. (1)]. The intensity plots of A(k, w) are presented in Figs.
1(a)-1(c). We also plot the bare quasiparticle dispersions gy
in the absence of the modulation (the solid white lines) as a
function of the momentum k for comparison. As seen, at low
energies, the quasiparticle dispersions coincide almost with
the bare ones, while they deviate from the bare ones when
the momentum is close to Ky=(m/4,/4). Then, they break
up at the energy E;=~-0.35 eV around the momentum K,
and the quasiparticles would be ill defined within E|<E
<E,. At the energy E,=~-0.75 eV, the dispersions reappear
and disperse toward the (0,0) point. These results are inde-
pendent on the SC order, as seen in Figs. 1(b) and 1(c). The
momentum distribution curves (MDCs) for different energies
are plotted in Fig. 1(d). Two dispersive bands are revealed at
the low and high energies, respectively. Moreover, we can
clearly see from Fig. 1(c) that the peaks of MDC are weakly
dispersive between the energies E| and E», i.e., nearly pinned
at the momentum K, with lower intensity, consistent with the
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experimental results.®~'* E, and E, as a function of the scat-
tering intensity V are plotted in Fig. 1(e), where E, is the
bare quasiparticle energy at the momentum K,. E; and E,
approach to E, as V decreases to zero; E; decreases and E,
increases almost linearly when V increases. The main results
are more robust as V changes slightly.

A sound explanation for the described anomalous higher-
energy features can be given based on the following scatter-
ing characteristic illustration. The first Brillouin zone as well
as the normal-state Fermi surface are presented in Fig. 2(a).
As seen, the Brillouin zone may be divided into 16 parts in
the presence of the modulation term, labeled as 1 to 16.
When the modulation term acts on an electron in part i, it
makes the electron hop to the four neighboring parts.?’ Let
us assume that an electron at A, in region 1 has the momen-
tum (k,k) (i.e., along the diagonal direction). The effect of
the modulation term makes it hop to A,_4 in the neighboring
regions 8,4,2,11, respectively, as shown in Fig. 2(a). The
corresponding momenta for the electrons at A, are
(k—m/2,k),(k, k+7/2),(k+7/2,k),(k,k—7/2), respec-
tively. We present the bare dispersions for A;(i=0-4) in Fig.
2(b). The dispersions for the electrons at A; and A, (or A,
and A;) coincide because they are symmetric points. We can
see from Fig. 2(b) that the quasiparticle energy at A is dif-
ferent from that at A; as the momentum is far from K. Thus,
the hopping from A, to A; is difficult to occur because the
energy conservation condition is not satisfied. As a result, the
modulation has little effect on the hopping for this case,
namely, the quasiparticle is well defined and the dispersion
coincides almost with the bare one, as shown in Fig. 1(a).
When the momentum decreases and moves close to K, the
energy at A is closer to that at A; and A,. The charge modu-
lation influences the dispersion significantly. Thus, it devi-
ates from the bare one and the spectral weight reduces gradu-
ally. When the momentum reaches K, the bare quasiparticle
energy at A, just equals to that at A; and A4, as seen in Fig.
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FIG. 2. (a) The first Brillouin zone as well as the normal-state
Fermi surface, with the scattering from A, to A; indicating the hop-
ping caused by the charge modulation term. (b) The bare dispersion
of quasiparticles at A (along the diagonal direction) and the corre-
sponding dispersions of that at A;.

2(b), so that the hopping from A, to A; 4 can occur easily,
which destroys the state of the quasiparticle at A, and leads
the dispersion to break up at this momentum. As a result, the
dispersion is pinned by the modulation term and the quasi-
particle is ill defined. On the other hand, the quasiparticle
dispersion is no longer pinned by the modulation when the
bounding energy is high enough (larger than E,), and thus it
reappears and disperses toward (0,0) point. In fact, when the
electron leaves the K point, the energy at A, is different
from that at A; and thus the quasiparticle is well defined
again.

In the SC state, the quasiparticle energy at A, is the same
as that in the normal state along the diagonal direction, while
that at A; is changed due to the presence of the SC gap.
Meanwhile, the quasiparticle energy at A, equals that at A, 4
at the momentum K, because A 4 is along the nodal direc-
tion at this momentum. Thus the addressed anomaly depends
weakly on the SC order parameter A,. The spectra in the
d-wave SC state are almost the same with those in the nor-
mal state. In the s-wave SC state, a clear gap can be seen and
the corresponding anomalous energy E; is a little larger than
that in the normal state, while the SC gap is much smaller
than the energies E| ,; thus, in fact, the spectra are also simi-
lar with those in the normal and d-wave SC states.

It is expected that the anomaly would occur at a fixed
momentum Ky=(7/4,/4) in terms of the present scattering
wave vector Q, which, in fact, corresponds to the four-unit-
cell modulation observed in the STM results as mentioned
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above. This is well consistent with an earlier experimental
report that the dispersion is found to break up at roughly the
momentum (77/4,/4).8 More recently, it is also suggested
by Valla et al. that the anomaly may occur at different mo-
menta, depending on the systems and doping,'® as revealed
likely in some experiments that the modulation is not fixed to
be the four-unit-cell.® In this sense, the momentum K, could
also vary as the scattering wave vector changes. In addition,
although here we give a possibility that the charge modula-
tion may be responsible for the higher-energy anomaly, the
model is merely primitive and phenomenological. In the
present model, other possible interactions, such as the effects
of the phonon, spin fluctuation, or plasmon, have been ne-
glected, as we believe that they are unlikely the main reason
of the anomaly. Certainly, they may still play some important
roles in obtaining the quasiparticle dispersion quantitatively.
Clearly, here we merely attempt to explain the experiments
qualitatively, while a more rigorous model is still awaited for
quantitative comparisons with the ARPES and STM experi-
ments.

On the other hand, it is still unclear whether similar
charge modulation also emerges in the electron-doped super-
conductors. If such modulation is present, it is anticipated
that the anomaly will also appear correspondingly. In addi-
tion, the Fermi momentum K along the diagonal direction
[shown in Fig. 2(a)] is larger in the electron-doped ones.'® As
a result, the bare bounding energy E, at the momentum K is
larger than that of the hole-doped one. From the above-
presented picture, the corresponding anomalous energies are
also larger than those for the hole-doped ones, which may be
consistent with the experimental results.!3!4

We now turn to address the FT-STM spectra. As we men-
tioned above, the FT-STM spectra can be related to the
ARPES spectra through the AC-ARPES function C(q,w),
given by?°

1
C(q,w) = Nz AR, w) Ak + q,w). (4)
K

Very recently, it was concluded experimentally that the FT-
STM spectra are in good agreement with the AC-ARPES
spectra at low energies for various doping densities.?! There-
fore, we are able to relate the obtained ARPES results to the
STM spectra by using the AC-ARPES function to deduce the
FT-STM spectra and compare the results with the STM ex-
periments. The calculated intensities of the AC-ARPES spec-
tra at zero energy, in the normal and SC states, are shown in
Figs. 3(a) and 3(b), respectively. The logarithmic scale is
used so that the weak features can be revealed. As shown,
four peaks appear at the momenta (+27/4,0) and
(0,%27/4). These peaks are independent of the energies, as
seen more clearly in Figs. 3(c) and 3(d), which are the two-
dimensional cuts of the spectra for the energies from
—0.02 to 0.02 eV. These nondispersive peaks in the FT-STM
spectra were observed experimentally in the normal state.? In
the SC state, while they are suppressed by the SC order, they
were also indeed observed by STM experiments as well.~¢

The consistency between the FI-STM and AC-ARPES
spectra indicates that the nondispersive peaks may be ex-
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FIG. 3. (Color online) Panels (a) and (b) are the intensity plots
of the AC-ARPES spectra C(q,w) at the zero energy in the normal
and SC states (A(=0.04 eV), respectively. Circles are used to de-
note the energy-independent peaks. Panels (c) and (d) are the two-
dimensional cuts for the spectra along (0,0) to (27,0) with the
energy increasing from —0.02 to 0.02 eV (from the bottom to the
top) in the normal and SC states, respectively.
plained based on the quasiparticle interference model;*%>
i.e., the momenta of the peaks in FT-STM spectra are just the
wave vectors that connect the tips of the constant energy
contour. Based on this picture, the various dispersive peaks
observed by STM experiments in the SC state?®3 are repro-
duced successfully. At present, in the presence of the charge
modulation, the intensity plots of the ARPES spectra at zero
energy are depicted in Fig. 4(a) for the normal state and in
Figs. 4(b) and 4(c) for the SC state; since the ARPES spec-
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FIG. 4. (Color online) Panels (a) and (b) are the intensity plots
of ARPES spectra at zero energy in the normal and SC states, re-
spectively. Panel (c) is the replotting of the spectra in the SC state
where the logarithmic scale is used.

trum is reduced to a dot along the nodal direction in the SC
state [Fig. 4(b)], we replot it by using a logarithmic scale in
Fig. 4(c) to reveal the weak features caused by the charge
modulation. As we discussed above, the ARPES spectra
break up at the momenta K;=(x7/4,q) and K/=(g, = 7/4)
because of the modulation, leading to the tips of the spectra
at these momenta. In the corresponding AC-ARPES spectra,
the peaks appear at the momenta Q; that connect the tips of
the ARPES spectra, as denoted in Figs. 4(a) and 4(c). As a
result, although the charge modulation has a very weak effect
on the low-energy ARPES spectra, which is difficult to be
detected directly by the ARPES experiments, the nondisper-
sive peaks induced by the modulation appear clearly in the
AC-ARPES spectra (or the FT-STM spectra) and can be de-
tected firmly by the STM experiments.

To conclude, based on a phenomenological model, we
have elaborated that the rotationally symmetric charge
modulation is able to cause the intriguing dispersion
anomaly observed in the ARPES spectra as well as the non-
dispersive peaks in the FI-STM spectra. A clear physical
picture of the mechanism was presented based on the scat-
tering analysis in the presence of the charge modulation.
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